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Mos activates MAP kinase in mouse oocytes
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Activation of mitogen-activated protein Kkinase
(MAPK) in maturing mouse oocytes occurs after syn-
thesis of Mos, a MAPKKK. To investigate whether
Mos acts only through MEK1, we microinjected con-
stitutively active forms of MEK1 (MEK1S218D/S222D
referred herein as MEK*) and Raf (ARaf) into mouse
oocytes. In mos”- oocytes, which do not activate
MAPK during meiosis and do not arrest in metaphase
II, MEK* and ARaf did not rescue MAPK activation
and metaphase II arrest, whereas Mos induced a com-
plete rescue. MEK* and ARaf induced cleavage arrest
of two-cell blastomeres. They induced MAPK acti-
vation when protein phosphatases were inhibited by
okadaic acid, suggesting that Mos may inhibit protein
phosphatases. Finally, in mos’~ oocytes, MEK*
induced the phosphorylation of Xp42m2PKD324N, a
mutant less sensitive to dephosphorylation, showing
that a MAPK phosphatase activity is present in mouse
oocytes. We demonstrate that active MAPKK or
MAPKKK cannot substitute for Mos to activate
MAPK in mouse oocytes. We also show that a phos-
phatase activity inactivates MAPK, and that Mos can
overcome this inhibitory activity. Thus Mos activates
MAPK through two opposite pathways: activation of
MEKT1 and inhibition of a phosphatase.

Keywords: meiosissMEK 1/mouse oocyte/phosphatase/
Raf-1

Introduction

Mitogen-activated protein kinase (MAPK) belongs to a
family of conserved serine/threonine kinases that are
activated after the resumption of meiosis in different
species of invertebrate and vertebrate oocytes. Several
studies performed using Xenopus oocytes have suggested
that the activation of the Mos—MAPK pathway is neces-
sary for the resumption of meiosis (Kuang et al., 1991;
Kuang and Ashorn, 1993; Carnero et al., 1994; Kosako
et al., 1994b; Haccard et al., 1995) and for the cytostatic
factor (CSF)-induced arrest in metaphase II (M II) in this
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species (Haccard et al., 1993; Kosako et al., 1994a).
However, it has been shown recently that germinal vesicle
breakdown (GVBD) can occur under certain experimental
conditions in the absence of detectable MAPK activation
(Fisher et al., 1999; Gross et al., 2000). The injection of
oligonucleotides against Mos in Xenopus oocytes blocks
GVBD (Sagata et al., 1989), suggesting that Mos may
have target(s) other than the MAPK kinase MEK. In
mouse oocytes, knock-outs for the cmos gene have shown
that the Mos—MAPK pathway is not necessary for GVBD
but is important for M II arrest (Colledge et al., 1994; Choi
et al., 1996; Hashimoto, 1996; Verlhac et al., 1996).
Furthermore, the Mos—MAPK pathway is involved in
microtubule organization during meiotic maturation of
mouse oocytes (Verlhac et al., 1996).

In vertebrates, the MAPK cascade lies downstream of
several proto-oncogene products such as Ras (Leevers and
Marshall, 1992; Matsuda et al., 1992; Shibuya et al.,
1992), Raf-1 (Dent et al., 1992; Howe et al., 1992) and
Mos (Nebreda and Hunt, 1993; Posada et al., 1993;
Shibuya and Ruderman, 1993). In Xenopus oocytes,
several pathways can lead to p42m#Pk activation. The
physiological pathway, which is activated after pro-
gesterone stimulation, involves Mos (Nebreda and Hunt,
1993; Posada et al., 1993; Shibuya and Ruderman, 1993).
Other pathways involving Ras and Raf-1 would lie on the
non-physiological tyrosine receptor pathway. The micro-
injection of oncogenic mammalian Ras into Xenopus
oocytes induces MAPK activation before maturation-
promoting factor (MPF) activation, differently from the
progesterone pathway where both kinases are activated at
the same time, just before GVBD (Nebreda and Hunt,
1993). Thus, the activation of MAPK by oncogenic Ras
would occur through the classical Raf-1/MEKI1 pathway
independently of c-Mos synthesis (Daar et al., 1991;
Fabian et al., 1993; Muslin et al., 1993; Fukuda et al.,
1994). Whereas exogenous forms of Ras or Raf-1 induce
MAPK activation and meiosis resumption, the inhibition
of endogenous small G proteins of the Ras family by the
lethal toxin from Clostridium sordellii triggers meiotic
maturation (Rime er al., 1998). Despite all the studies
performed in Xenopus, the relationships between the Mos
and the Ras/Raf-1 pathways, as well as the role of small
G proteins of the Ras family in triggering MAPK
activation and meiosis resumption, still require further
investigations.

Whilst many studies have been performed in Xenopus,
not much is known about the mechanisms which bring
about MAPK activation in mouse oocytes. Protein
synthesis (Verlhac et al., 1993; Gavin et al., 1994), and
in particular the synthesis of Mos (Verlhac et al., 1996), is
necessary for MAPK activation in this species. However,
it is still unclear whether Mos acts only by phosphorylating
MEKI1 to induce MAPK activation in mouse oocytes.
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Protein phosphatases are also involved, since inhibition of
protein phosphatases by okadaic acid (OA) induces a
precocious MAPK activation in mouse oocytes (Gavin
et al., 1994). Raf-1 is present in mouse oocytes, but it is not
activated during meiotic maturation and it does not replace
Mos to induce MAPK activation in oocytes from Mos™~
mice (Verlhac et al., 1996).

Here we demonstrate that Mos acts not only through
MEKI1 phosphorylation but also through the inhibition of
MAPK phosphatase activity.

Results

MEKT1 is present in immature mouse oocytes

Numerous studies have shown that MAPK activation
requires the activation of a MAPK kinase which has to be
phosphorylated on two conserved serine residues in order
to phosphorylate MAPK on threonine and tyrosine (for a
review see Mordret, 1993). In vertebrates, the main
pathway leading to MAPK activation involves the
MAPK kinase, MEK1 (Mordret, 1993). After immuno-
blotting of oocytes collected at the germinal vesicle (GV)

Stage GV Ml Ml
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Fig. 1. Identification of MEKI in mouse oocytes. A total of 250
immature (GV, lane 1) and 250 mature (M II, lane 2) oocytes were
immunoblotted using an anti-MEKI1 serum. The 250 mature oocytes
were immunoblotted using an anti-MEK1 serum pre-incubated with
15 uM of the immunogenic peptide (lane 3).

stage and at the M II stage, the anti-MEKI1 antiserum
recognized two major proteins of apparent mol. wts 45 and
66 kDa in both GV and M II oocytes (Figure 1, lanes 1 and
2). However, only the lower 45 kDa band corresponds to
MEKI since this signal disappeared when the antiserum
was pre-incubated with 15 puM of the immunogenic
peptide (Figure 1, lane 3). Thus MEKI1 is already present
in GV oocytes, and the amount of protein remains constant
until the M 1II arrest in mouse oocytes (Figure 1, lanes 1
and 2).

ARaf and MEK* are overexpressed after
microinjection into mouse oocytes

Since MEK1 was observed in immature mouse oocytes, it
should be possible to activate the MAPK cascade using
active forms of MAPK kinase kinase. Thus, we attempted
to trigger MAPK activation by microinjecting mRNAs
encoding a constitutively active form of Raf-1, ARaf. ARaf
corresponds to a truncated version of the human Raf-1 that
encodes only the CR3 catalytic domain (Fabian et al.,
1993). We also used a constitutively active form of MEK1,
MEK1S218D/S222D, referred to here as MEK*, to
activate MAPK directly (Brunet et al., 1994; Pages et al.,
1994).

Microinjected oocytes remained at the GV stage in the
presence of dbcAMP for at least 24 h. First we checked
that the injection of the mRNAs coding for ARaf and for
MEK?* led to the overexpression of both proteins. Samples
of 50 oocytes were collected after overnight expression of
microinjected exogenous mRNAs. Using an anti-haemag-
glutinin (HA) antiserum, recognizing MEK* tagged with
HA, we could detect a band of the expected size, ~45 kDa,
in MEK*-injected oocytes that is not present in non-
injected oocytes (Figure 2A, compare lanes 1 and 2). This
expression is already high 5 h after GVBD and is stable
during all the time course of our experiment (Figure 2A,
lanes 3 and 4). Using an anti-Raf-1 antibody, we observed
that both full-length Raf-1 and truncated ARaf were
expressed as proteins of the expected mol. wts: 72-74 kDa
for Raf-1 and 38 kDa for ARaf (Figure 2B, lanes 2 and 3).
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Fig. 2. (A) Overexpression of constitutively active HA-tagged MEK* after microinjection. Fifty immature oocytes were either not injected (lane 1) or
injected with mRNAs encoding HA-tagged MEK* cultured overnight in dbcAMP (lane 2) or cultured for 5 (lane 3) or 12 h (lane 4) after GVBD and
then collected. Oocytes microinjected with HA-tagged MEK1S218D/S222D were also cultured for 10 h after GVBD and then incubated for 2 h in
OA and collected (lane 5). Samples were then subjected to immunoblotting using an anti-HA antibody. (B) Overexpression of Rafl and ARaf after
microinjection. Fifty immature oocytes were either not injected (lane 1) or injected with mRNAs encoding full-length Rafl (lane 2) or ARaf (lane 3),
cultured overnight in dbcAMP and then collected. Control M II oocytes were also collected to show the endogenous Raf (50 M II, lane 4; 100 M II,
lane 5). Samples were then subjected to immunoblotting using the anti-Rafl serum.
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Thus, although MEK1 and ARaf were overexpressed in
mouse, they did not induce GVBD in the presence of
dbcAMP. The amount of overexpression was estimated by
comparing the level of expression of the endogenous and
exogenous proteins. ARaf was overexpressed ~13 times
(Figure 2B, compare lane 3 with lanes 4 and 5) while
MEK* was overexpressed ~15 times (data not shown).

ARaf did not induce MAPK activation in mouse
oocytes treated with puromycin

We have shown previously that MAPK activation requires
protein synthesis (Verlhac et al., 1993). Since MEKI is
already present in immature mouse oocytes and does
not need to be synthesized during meiosis resumption
(this study, see above), we attempted to trigger MAPK
activation using ARaf. We microinjected mRNAs coding
for ARaf into the cytoplasm of GV stage oocytes that were
maintained in prophase by culture in dbcAMP overnight to
allow the overexpression of the protein. Then oocytes were
transferred to M2 medium without dbcAMP containing
10 pg/ml puromycin to allow GVBD in the absence of
protein synthesis (notably without Mos synthesis).

Stage GV BD+1.5 BD+1.5 BD+1.5 BD#+1.5
Injection - - Raf1 ARaf -
Puromycin - + + + -
ERK1 — S—
ERK? — s— ——
1 2 3 L 5

Fig. 3. Overexpression of ARaf does not induce MAPK activation in
puromycin-treated oocytes. Oocytes were injected with either full-
length Rafl (as an injection control) or ARaf, cultured for 12 h in
dbcAMP, then washed from dbcAMP and incubated in 10 pg/ml
puromycin. Batches of 25 oocytes were immunoblotted with the anti-
ERK serum. Lanes 1 and 5, respectively, control GV oocytes and
oocytes matured for 1.5 h post-GVBD in M2 medium; lanes 2, 3 and 4,
oocytes matured in puromycin-containing medium and collected 1.5 h
post-GVBD, either not injected (lane 2) or injected with full-length
Rafl (lane 3) or ARaf (lane 4).

Fig. 4. (A) Overexpression of ARaf does not induce MAPK activation
in mos oocytes while Mos overexpression does. Mos™~ oocytes were
injected with mRNAs encoding either full-length Rafl (as an injection
control), ARaf or Mos, cultured for 5 h in dbcAMP then removed from
dbcAMP and collected at various times after GVBD. Groups of 25
oocytes were immunoblotted with the anti-ERK serum. Lanes 1 and 2,
respectively, Raf1- and ARaf-injected mos oocytes collected 3 h after
GVBD; lanes 3 and 4, control mos*~ oocytes matured for 2 (lane 3) or
12 h (lane 4) post-GVBD; lanes 5 and 6, respectively, non-injected and
Mos-injected mos™ oocytes collected 3 h after GVBD. (B) Mos, but
not MEK* or ARaf, restores the M II arrest in mos™ oocytes. Mos™~
oocytes were either not injected (Control) or were injected with RNAs
encoding full-length Mos, constitutively active MEK* or ARaf in
dbcAMP-containing medium. The oocytes were kept for 5 h in this
medium and released in M2 medium for overnight culture. We then
scored the oocytes with no polar body (MI), with only one polar body
(M 1II) or with two polar bodies (spontaneously activated oocytes, PB2).
The numbers in parentheses represent the total number of oocytes
injected. These results correspond to at least three independent
experiments. (C) Mos™ oocytes injected with Mos and arrested in M II
(top) and spontaneously activated control non-injected oocytes with
two polar bodies (bottom).

MAP kinase activation in mouse oocytes

Samples were collected 1.5 h after GVBD in these
experimental conditions and analysed by immunoblotting
using the anti-ERK serum.

The electrophoretic mobility of ERK1 and ERK2 in
full-length Raf-1- (which serves as a control for mRNA
injection) and ARaf-injected oocytes remains identical to
their mobility in immature oocytes (Figure 3). This implies
that ERK1 and ERK2 are not phosphorylated and thus
remain inactive both in non-injected and injected oocytes.
Thus, ARaf cannot induce MAPK activation in the absence
of protein synthesis.
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Table 1. Percentage of cleavage arrest after injection of mRNAs
encoding MEK*, ARaf, Mos and tubulin-GFP (as an injection control)
into one blastomere of a late two-cell embryo

mRNA injected

% cleavage arrest No. of embryos

MEK1S218D/S222D 56 100
ARaf 87 46
Mos 88 43
Tubulin—-GFP 15 91
Non-injected control 8 215

Two-cell embryos were injected late, i.e. between 50 and 51 h after
hCG injection (which corresponds to 2-3 h before the two- to four-cell
division), to avoid degradation of the injected RNAs.

MEK* and ARaf did not restore MAPK activation
and the M Il arrest in mos~- oocytes, while Mos
did

ARaf was not able to trigger MAPK activation in
puromycin-treated mouse oocytes. However, we could
not exclude that the synthesis of an unknown protein was
required to trigger MAPK activation. Thus, we decided to
use a cleaner system to test the ability of ARaf or MEK* to
trigger MAPK activation. Oocytes from c-mos knockout
mice do not activate MAPK and do not arrest in M 1I
(Colledge et al., 1994; Hashimoto et al., 1994; Verlhac
et al., 1996). We therefore studied whether ARaf or MEK*
were able to rescue MAPK activation and the M II arrest in
mos~~ oocytes.

We microinjected mos™~ oocytes at the GV stage in
dbcAMP-containing medium. After 6 h, the dbcAMP was
removed and the oocytes were allowed to mature
overnight. They were then scored for second polar body
extrusion and assayed for MAPK activation. Surprisingly,
ARaf and MEK* were not able to trigger MAPK activation
in mos™ oocytes (Figure 4A, compare lanes 2 and 3 and
Figure 6B, lane 3). Moreover, the M II arrest was not
restored since MEK*- or ARaf-injected mos™ oocytes
spontaneously extruded the second polar body with a
frequency comparable to that of control non-injected
oocytes (Figure 4B).

Only the injection of Mos mRNA induced MAPK
activation (Figure 4A, compare lanes 5 and 6) and rescued
the M 1II arrest (Figure 4B and C). None of 87 mos™
oocytes that were injected with Mos extruded a second
polar body. Thus we concluded that ARaf and MEK* are
not able to replace Mos to activate MAPK during meiosis
in mouse oocytes.

ARaf and MEK* induce a cleavage arrest in two-
cell mouse embryos

The presence of active MAPK or the activation of the
MAPK pathway later during development induces a
cleavage arrest (Haccard et al., 1993). To confirm that
both MEK* and ARaf were able to activate MAPK by a
biological assay, we microinjected the mRNAs into
blastomeres of late two-cell embryos. Both MEK* and
ARaf induced a cleavage arrest after injection into a late
[50-51 h post-human chorionic gonadotrophin (hCG)]
two-cell blastomere (Table I and Figure 5). MEK* induced
a cleavage arrest in 56% of the injected blastomeres
[~4 times more than in controls injected with tubulin—
green fluorescent protein (GFP) mRNAs]. This cleavage
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Fig. 5. (A and B) Cleavage arrest induced by microinjection of the
MEK?* (A) or Mos (B) mRNA into one blastomere of a two-cell
embryo, 24 h after injection (white arrows). (A) Phase contrast. (B)
Immunofluorescence: microtubules appear in green and chromosomes
in red. (C) MEK* induces MAPK phosphorylation after overexpression
in one blastomere of two-cell embryos, 24 h after injection. Immuno-
blotting using anti-phospho-ERK antibody of 70 control uninjected
embryos (lane 1), of 70 embryos injected with MEK* into one
blastomere of a two-cell stage embryo and collected 24 h after
injection (lane 2), and of 50 control M II oocytes (lane 3).

arrest was also observed after a 2-fold dilution of the
MEK* mRNA (data not shown). ARaf was as potent as
Mos in inducing a cleavage arrest: 87% for ARaf-injected
blastomeres and 88% for the Mos-injected ones. In
Xenopus embryos, the cleavage arrest induced by ectopic
activation of the MAPK pathway occurs in M-phase.
Mouse blastomeres injected with Mos, MEK* or ARaf
arrest in interphase with decondensed chromatin and
interphase microtubules in the two daughter cells of the
injected blastomere (Figure 5B). The cleavage arrest
induced by MEK*, and probably also by ARaf or Mos, is
indeed due to the activation of MAPK: using an anti-
phospho-ERK antibody, we can detect both ERK1 and
ERK?2 in their phosphorylated forms after MEK* injection
but not in uninjected embryos (Figure 5C, compare lanes 1
and 2 with the positive control in lane 3).

These results show that both MEK* and ARaf are active
after injection of the corresponding mRNAs. Therefore,
the lack of rescue of the c-mos knockout phenotype by
both MEK* and ARaf cannot be explained by a lack of
activity of both proteins.



A Puro+OA - + + +
Stage Gv BD+1.5 BD+1.5 BD+1.5
Injection o - Raf1 ARaf
ERK1 —

ERKD — #5000

1 2 3 4
B
MBP — -—
2 3 4
C Mos™"
Injection - = MEK* MEK*®
OA - + - +
ERK1 — onmss s s e
ERK2 — -ummp S e TSy
1 2 3 4
D Mos ™~ MiI
Injection - = ARaf  ARaf
OA - + - + =
ERK1 — e s s e

Fig. 6. MEK* and ARaf trigger MAPK activation when phosphatases
are inhibited by okadaic acid (OA). (A) ERK immunoblot. Oocytes
were injected with either full-length Rafl (as an injection control) or
ARaf, cultured for 12 h in dbcAMP, then washed from dbcAMP and
treated with both puromycin and OA, where they resumed meiosis.
Groups of 25 oocytes were immunoblotted with the anti-ERK serum.
Lane 1, control GV oocytes; lanes 2, 3 and 4, oocytes matured in
puromycin- and OA-containing medium and collected 1.5 h after
GVBD, either not injected (lane 2), or injected with full-length Rafl
(lane 3) or ARaf (lane 4). (B) MBP kinase assay. Groups of 10 oocytes
were subjected to MBP kinase assay. Oocytes, matured in puromycin-
and OA-containing medium and collected 1.5 h after GVBD, were
either not injected (lane 2), or injected with full-length Rafl (lane 3) or
ARaf (lane 4). (C) MEK* triggers MAPK activation in mos~~ oocytes
that were cultured in OA. Mos =~ oocytes were either not injected
(lanes 1 and 2), or injected with MEK* (lanes 3 and 4), cultured for 5 h
in dbcAMP, released in M2 medium for overnight culture and then
cultured for 1.5 h with (+) or without (=) OA. Groups of 25 oocytes
were immunoblotted with the anti-ERK serum. (D) ARaf triggers
MAPK activation in mos~~ oocytes that were cultured in OA. Mos =~
oocytes were either not injected (lanes 1 and 2) or injected with ARaf
(lanes 3 and 4), cultured for 5 h in dbcAMP, released in M2 medium
for overnight culture and then cultured for 1.5 h with (+) or without (-)
OA. Lane 5: control M II-arrested oocytes. Groups of 25 oocytes were
immunoblotted with the anti-ERK serum.

MAP kinase activation in mouse oocytes
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Fig. 7. (A) Effect of Mos, MEK* and ARaf mRNAs microinjection on
meiosis resumption in medium containing dbcAMP. The numbers in
parentheses represent the total number of oocytes injected. The results
of at least three independent experiments were summed. (B) Kinetics
of GVBD induction after Mos mRNA injection in oocytes maintained
in dbcAMP. Scoring of GVBD was perfomed every hour on

groups of 30 injected oocytes maintained in dbcAMP.

ARaf and MEK* induce MAPK activation after
okadaic acid treatment
As mentioned in the Introduction, phosphatases sensitive
to OA are involved in the control of MAPK activation in
mouse oocytes (Gavin et al., 1994). To test whether these
phosphatases inhibit MAPK activation by MEK* or ARaf
during meiosis, we treated MEK*- and ARaf-injected
oocytes with OA. Wild-type oocytes treated with puro-
mycin and OA do not activate MAPK (Figure 6A, lane 2).
However, if they expressed ARaf (but not Raf-1), we
observed both MAPK phosphorylation (Figure 6A, com-
pare lanes 3 and 4) and activation, as evidenced by MBP
kinase activity (Figure 6B, compare lanes 3 and 4).
Similarly, mos™ oocytes did not activate MAPK
after MEK* or ARaf injection, or OA treatment alone
(Figure 6C and D, lanes 3 and 2, respectively). However,
we observed MAPK activation in oocytes microinjected
with MEK* or ARaf and then incubated for 2 h in OA
(Figure 6C and D, lane 4). We can exclude the possibility
that somehow OA treatment could stabilize the over-
expressed proteins since, after treament with OA, we do
not observe significant accumulation of HA-tagged MEK*
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in microinjected oocytes compared with untreated oocytes
(Figure 2A, compare lanes 4 and 5).

These results show that both MEK* and ARaf can
activate endogenous MAPK when OA-sensitive phosphat-
ases are inhibited.

Mos induces meiosis resumption in dbcAMP

An additional observation suggests that Mos acts through a
pathway dependent upon the inhibition of OA-sensitive
phosphatases. Mos injection triggers GVBD in mouse
oocytes in the presence of dbcAMP, like OA (Gavin et al.,
1992). As shown in Figure 7, only Mos, and neither MEK*
nor ARaf, induced GVBD efficiently (up to 75% after 8 h)
in the presence of dbcAMP.

Co-expression of the sevenmaker mutation,
Xp42markD324N, and MEK* rescued the Mos
phenotype and activated the exogenous MAPK

To demonstrate that a phosphatase able to dephosphoryl-
ate MAPK is active after MEK* or ARaf injection but not
after Mos injection, we co-expressed both MEK* and
Xp42m2kD324N (Umbhauer et al., 1995). This seven-
maker mutation in the Xenopus p42 MAPK is known
to produce a protein less sensitive to phosphatases
(Brunner et al., 1994; Chu et al., 1996). By itself, the
Xp42maPkD324N was not able to rescue the M II arrest
(Figure 8A). However, when co-expressed with MEK*, it
induced an increase in the percentage of M Il-arrested
oocytes, from 8.1 to 33.2% (Figure 8A). The ratio M II/
PB2 was 0.6 in MEK* and Xp42™2PXD324N co-injected
oocytes compared with 0.1 in Xp42m2PXD324N-injected,
non-injected mos™~ and MEK* and wild-type MycERK2

Fig. 8. The co-injection of MEK* and Xp42™mkD324N in mos™~
oocytes rescues the M II arrest. (A) Mos™ oocytes were either not
injected (control), injected with RNAs encoding Xp42™m2PkD324N alone
(xXMAPK*), co-injected with wild-type MycERK?2 and constitutively
active MEK* (MAPK + MEK*), or co-injected with RNAs encoding
Xp42maPkD324N and constitutively active MEK* (xMAPK* + MEK*)
in dbcAMP-containing medium. After 5 h incubation in dbcAMP to
allow overexpression of the exogenous proteins, the oocytes were
transferred to M2 medium for overnight culture. The oocytes were then
scored for the presence of polar bodies and normal bipolar spindles
(see B): 0 or 1 polar body with abnormal spindles (arrested in M I or
M II, abnormal spindles); one polar body and a normal spindle (M II);
or two polar bodies (spontaneously activated oocytes, PB2). The
numbers in parentheses represent the total number of oocytes injected.
(B) Immunofluorescence staining of microtubules and chromatin in
mos~~ oocytes microinjected with MEK* and Xp42maPkD324N

(MEK* + xXMAPK*) or Xp42m2PkD324N alone (xMAPK*). Oocytes
were microinjected in dbcAMP and kept in the drug for 5 h. The
oocytes were transferred to M2 medium for overnight culture and fixed
16 h after GVBD. Microtubules appear in green and chromosomes in
red. Top: normal spindles in oocytes injected with MEK* and
Xp42maPkD324N that extruded one polar body (M II). Bottom:
abnormal spindles in oocytes injected with Xp42m2PkD324N that did
not extrude the first polar body (M I, left) or extruded only one polar
body (M 11, right). (C) M II-arrested mos™~ oocytes co-injected with
MEK* and Xp42m2PkD324N show Xp42m2PkD324N phosphorylation
whereas the activated ones do not. Oocytes treated as in (A) were
collected separately, i.e. M II-arrested (M II, lane 1) and activated
(PB2, lane 2). Groups of 15 oocytes were immunoblotted with the anti-
ERK serum. These results correspond to two independent experiments.
The MycERK?2 is overexpressed after co-injection with MEK* into
mos~ oocytes. Fifty mos™ oocytes either not injected (NI, lane 3) or
co-injected with MEK* and MycERK2 (MEK* + MycERK?2, lane 4)
were scored after second polar body extrusion, then collected and
subjected to immunoblotting using the anti-Myc antibody.
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co-injected oocytes (Figure 8A). Moreover, co-expression
of Xp42maPkD324N and MEK* reduced the percentage of
abnormal spindles leading to an M I or M II arrest in mos =~
oocytes (Figure 8B). These M-phase arrests are due to the
activation of the spindle assembly checkpoint (SAC) and
not to CSF, as described previously (Verlhac et al., 1996),
and are amplified by the long incubation time in dbcAMP
required for the overexpression of the exogenous proteins.
Finally, the electrophoretic mobility of Xp42maPkD324N
was retarded in M II-arrested mos ™~ oocytes microinjected
with Xp42m#PkD324N and MEK* (Figure 8C, lane 1) but
not in those oocytes that had extruded the second polar
body (Figure 8C, lane 2). The high level of overexpression
of the Xp42maPkD324N allows its detection without
detecting the endogenous MAPK (Figure 8C). We also
checked that our MycERK?2 was indeed expressed after
co-injection with MEK* (Figure 8C, compare lanes 3
and 4). These results show that only the co-injection of
Xp42makD324N and MEK* allowed the activation of the
exogenous Xp42m2PXD324N and rescued the CSF arrest in
ML It also rescued many spindle abnormalities that cause
an M I or M 1II arrest in mos™ oocytes by activating the
SAC. Finally, our results demonstrate that a phosphatase,
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which dephosphorylates MAPK, is active in mos™-
oocytes.

Discussion

MEK1 and ARaf overexpression in mouse oocytes
does not trigger MAPK activation

In this study, we analysed the mechanisms leading to
MAPK activation after meiosis resumption in mouse
oocytes. Using overexpressed constitutively active kinases
(MEK* and ARaf) in oocytes devoid of MAPK activity
(wild-type oocytes treated with puromycin or oocytes from
Mos~~ mice), we show the existence of another pathway,
which cannot be overcome by MEKI1 activation.

It was very surprising to observe that ARaf, which is
able to activate MAPK in Xenopus oocytes (Fabian et al.,
1993), was not able to trigger MAPK activation in mouse
oocytes treated with puromycin. We found that over-
expression of both ARaf (Fabian et al., 1993) and MEK*
(Brunet et al., 1994; Pages et al., 1994), the kinase directly
upstream of MAPK, was not able to activate MAPK in
mos~~ oocytes. We checked that both proteins were indeed
overexpressed in the oocytes. We also checked that ARaf
and MEK* were active, as shown by their ability to induce
a cleavage arrest efficiently in late two-cell embryos
through MAPK phosphorylation. However, mouse blasto-
meres arrested in interphase, in contrast to Xenopus
blastomeres that were arrested in M phase. This difference
might be due to the fact that the G; and G, phases of the
cell cycle appear as early as the first embryonic mitotic
cycle in the mouse, while they appear later in Xenopus, at
the mid-blastula transition (when the embryo is composed
of thousands of cells). Indeed, it has been shown in starfish
embryos and in Xenopus cycling egg extracts that active
MAPK can arrest the mitotic cycle in the G| or G, phase of
the cell cycle (Abrieu et al., 1997; Tachibana et al., 1997,
Bitangcol et al., 1998).

We overexpressed a mutant MEK* that has been shown
to have a basal activity 5-fold higher than serum-
stimulated wild-type MEK1 (Brunet et al., 1994). Since
we overexpressed it ~15 times compared with the
endogenous MEK1, we produced a MAPK kinase activity
that was at least 10-fold (actually maximum 75-fold)
higher than the endogenous MEKI activity. Yet this
mutant could not induce MAPK activation in mos™
oocytes. This suggested that the pathway leading to
MAPK activation was not limited to a direct activation
of the Mos—MEKI-MAPK pathway. Our data also
suggested that Mos had other target(s) beside MEKI,
since ARaf or MEK* could not compensate for its
function. Moreover, by rescuing both MAPK activation
and M II arrest in mos~- oocytes with Mos overexpression,
we complete the demonstration that Mos is physiologic-
ally involved in the CSF arrest, probably through MAPK
activation.

MAPK phosphatases are active in Mos~- oocytes

Overexpression of a constitutively active MAPK kinase
(MEK¥), which directly phosphorylates MAPK, does not
trigger MAPK activation in mos~- oocytes. It is therefore
likely that a MAPK phosphatase able to dephosphorylate
MAPK immediately is present and active in mouse
oocytes. To test this hypothesis directly, we co-injected

MAP kinase activation in mouse oocytes

into mos™ oocytes both MEK* and a mutant form of
MAPK, Xp42m2PkD324N (Umbhauer et al., 1995), which
is less sensitive to phosphatases (Brunner et al., 1994; Chu
et al., 1996). This co-injection, and not the co-injection of
MEK?* and wild-type ERK2, was able to rescue the CSF
arrest, increasing the proportion of mos~- oocytes arrested
in M IT with a bipolar spindle. It also rescued some spindle
defects that normally occur in mos™ oocytes (Verlhac
et al., 1996). However, this rescue was not complete. This
is probably due to the fact that MEK* phosphorylates both
the endogenous MAPK, whose phosphorylation turns over
rapidly, and the exogenous MAPK, whose phosphoryl-
ation turns over more slowly. Moreover, since we are
overexpressing a Xenopus protein in mouse oocytes,
Xp42m2PkD324N may not be able to recognize all the
physiological substrates of the endogenous mouse
MAPK. Nevertheless, we observed a phosphorylation of
Xp42mapkD324N by MEK* in M Il-arrested mos~-
oocytes. By using a MAPK less sensitive to phosphatases,
we show that MEK* is active during meiosis and that a
phosphatase activity able to counteract the activity of
MEK?* or ARaf is present in mos™ oocytes.

Inhibition of OA-sensitive phosphatase(s) by Mos
is involved in MAPK activation

Mouse oocytes treated with OA activate MAPK more
rapidly than non-treated ones (Gavin et al., 1994),
suggesting that an OA-sensitive phosphatase is active in
maturing mouse oocytes and slows down MAPK activa-
tion.

Microinjection of either mos™ oocytes or puromycin-
treated wild-type oocytes with MEK* or ARaf did not
activate MAPK. However, when these oocytes were
incubated with OA, both MEK* and ARaf were able to
activate MAPK. This demonstrates that there is (are) an
(some) OA-sensitive phosphatase(s) that is (are) involved
in the dephosphorylation of MAPK in mouse oocytes.
Only Mos is able to inhibit this (these) OA-sensitive
phosphatase(s). The fact that Mos (like OA) triggers
GVBD in oocytes cultured in dbcAMP also favours the
hypothesis that Mos acts through the inhibition of OA-
sensitive phosphatase(s). It is intriguing that in mouse
oocytes, where Mos is not required for GVBD (Colledge
et al., 1994; Hashimoto et al., 1994), Mos triggers GVBD
in the presence of active protein kinase A (PKA), while, in
Xenopus oocytes, where Mos is required for GVBD
(Sagata et al., 1988), it does not induce meiosis resumption
in IBMX (Faure et al., 1998). These results suggest that
PKA (or Mos) may not act on the same target(s) in
Xenopus and mouse oocytes.

In mouse oocytes, if an (some) OA-sensitive phos-
phatase(s) is (are) not inhibited by Mos, then MAPK
activation does not occur, even if upstream components of
the activating pathway are overexpressed. This led us to
propose a double pathway for MAPK activation by Mos:
MEKI1 phosphorylation and OA-sensitive phosphatase(s)
inactivation (Figure 9). However, this model might also be
true in Xenopus oocytes. It has been shown recently that
under certain experimental conditions, MAPK activation
is not strictly necessary for GVBD (Fisher et al., 1999;
Gross et al., 2000), although injection of oligonucleotides
against Mos in Xenopus oocytes consistently blocks
GVBD (Sagata et al., 1989), suggesting that Mos could
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Fig. 9. Proposed scheme of the pathway leading to MAPK activation in
mouse oocytes.

have target(s) other than MEK in Xenopus oocytes. This
(these) target(s) could inhibit an OA-sensitive phosphatase
pathway involved in GVBD.

Proteins of the MAPK family are activated during
M-phase of the first embryonic cycle in sea urchin
embryos (Chiri et al., 1998; Philipova and Whitaker,
1998). However, their level of activation is much lower in
mitosis than in meiosis. As mentioned previously, high
levels of MAPK activity seem to be deleterious for cell
cycle progression during mitotic cell cycles. The control of
activators as well as inhibitors of the MAPK pathway by
the same molecule, Mos, may be a very powerful system to
ensure that very high levels of MAPK activity will only
occur in meiosis, and not when the embryo enters the
mitotic cycles.

Several protein phosphatases able to dephosphorylate
MAPK in vitro and in vivo when overexpressed have been
identified, but very little is known about the physiological
MAPK phosphatases involved during meiosis (Alessi
et al., 1993; Sun et al., 1993; Minshull et al., 1994). The
specificity of the phosphatases varies from tyrosine- or
threonine-specific (for a review see Keyse, 1998) to serine/
threonine phosphatases (Sturgill et al., 1988; Anderson
et al., 1990). By directly measuring the MAPK phos-
phatase activity, Sohaskey and Ferrell (1999) have shown
recently in Xenopus oocytes that there are indeed MAPK
phosphatases that are active during meiosis. In this work,
they show that at least two distinct phosphatases mediate
MAPK inactivation in oocytes. One phosphatase dephos-
phorylates Thr183 while the other dephosphorylates
Tyr185. Both phosphatases are still unknown, one being
a tyrosine phosphatase and the other one a PP2A-like
threonine phosphatase (sensitive to OA). Interestingly,
MAPK molecules phosphorylated only on threonine
appear less stable than those phosphorylated only on
tyrosine (Sohaskey and Ferrell, 1999). This could suggest
that, in mouse oocytes, Mos regulates a PP2A-like OA-
sensitive phosphatase(s) and thus inhibits the dephos-
phorylation of Thrl83, resulting in the stabilization of
MAPK (Sohaskey and Ferrell, 1999).

Materials and methods

Collection and culture of mouse oocytes

Immature oocytes arrested at prophase I of meiosis were obtained by
removing ovaries from 7-week-old KE, OF1 and Mos™~ female mice.
KE mice are characterized by a slow rate of oocyte maturation, which
facilitated some of our experiments (Polanski, 1986). Oocytes were
removed and cultured as previously described (Verlhac et al., 1996).
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Immunofluorescence was carried out as previously described (Polanski
et al., 1998).

Drug treatment
Puromycin (Sigma, final concentration 10 pg/ml) and OA (Molecular
Probes, final concentration 0.5 pM) were diluted in M2 medium.

Plasmid construction and in vitro synthesis of RNA

The expression vectors pKS:c-Raf and pKS:ARaf were kindly provided
by LDaar (Fabian et al., 1993). Xp42™2PXD324N is subcloned at the Bg/II
site of the pSP64(A) vector and allows in vitro transcription from the SP6
promoter (Umbhauer et al., 1995). pPRN3MycERK?2 was constructed by
PCR amplification of the rat ERK2 from a pLexAERK2 plasmid (a gift of
J.Cooper) using 5'-tgacgcggccgeggatecgtatggeggegg and 3'-tgacgeggce-
cgcttaagatctgtatectgg primers and then cloning at the Notl site of
plasmid pRN3Myc (a gift from J.Moreau, IJM, Paris). pPRN3HAMEK]1
(S218D/S222D) was constructed by PCR amplification of
pECEHAMEKI1(S218D/S222D) (Brunet et al., 1994; Pages et al.,
1994) using 5’-gatcgcggecgeatgtatgatgtteetgat and 5'-tacggeggecgetac-
gatgctagcggcat primers and then cloning at the Notl site of pRN3 (a gift
from J.Moreau, IJM, Paris). The pRN3 vector allows in vitro transcription
of polyadenylated mRNA from a T3 promoter. The pRN3Mos was
constructed by RT-PCR amplification from mouse ovaries. Total RNA
were extracted using an RNeasy mini-kit (Qiagen), and 500 ng of RNA
were treated with 2 U of RQ1 DNase (Promega) for 20 min at 37°C, then
heated for 5 min at 85°C. First strand cDNA synthesis was then performed
with 50 U of MMuLV Superscript (Life Technologies) using 2.5 uM
random hexamer (pdN6, Pharmacia), | mM dNTPs (Promega), in 10 mM
Tris—HCI, pH 8.3, 5 mM MgCl,, 50 mM KCl for 1 h at 37°C, followed by
5 min at 95°C. The PCR amplification was then performed on 50 ng of
cDNA using 5’-gatcagatctcaccatgecttegectctaagee and 5'-gatcgaattcte-
agcctagtgeccctcggaaag primers. The 1 kb PCR product was then digested
by BgllI-EcoRI and cloned into pRN3.

In vitro synthesis of capped RNAs was performed using linearized
plasmids with the mMessage mMachine kit (Ambion). The mRNAs were
then purified on RNeasy columns (Qiagen) and eluted in injection buffer
(10 mM Tris, 0.1 mM EDTA, pH 7.4) at a final concentration of 0.5 pg/ul.
Aliquots of 4 pl were then stored at —80°C.

Microinjection

The in vitro synthesized mRNAs were microinjected into the cytoplasm
of immature oocytes using an Eppendorf pressure microinjector and
sterile pipettes. The oocytes were kept in M2 medium supplemented with
dbcAMP during injection. They were then cultured at 37°C, in an
atmosphere of 5% CO, in air, for 5-12 h (depending on the experiment) in
M2 medium supplemented with dbcAMP to allow overexpression of the
exogenous proteins. The resumption of meiotic maturation was triggered
by removal of the injected oocytes from the dbc AMP-containing medium
and transfer into dbcAMP-free medium.

Immunoblotting

Oocytes at the appropriate stage of maturation were collected in sample
buffer (Laemmli, 1970) and heated for 3 min at 100°C. Immunoblotting
was then performed as described (Verlhac et al., 1996). The Raf1, MEK1
and MAP kinases were detected using the anti-Raf1 (Schultz et al., 1985),
anti-MEKI1 (a gift of Steven Pelech) and anti-ERK (no. 691, Santa Cruz
Biotechnology, Inc.) polyclonal antibodies, respectively. The HA-tagged
MEK* was detected using an anti-HA mouse monoclonal antibody
(Boehringer Mannheim). The phosphorylated form of MAPK was
detected using an anti-phospho-ERK (SC 7383, Santa Cruz
Biotechnology). MycERK?2 was detected using an anti-Myc antibody
(SC 40, Santa Cruz Biotechnology). As a second layer, we used either an
anti-rabbit or an anti-mouse conjugated to horseradish peroxidase
(Amersham), and membranes were processed using the ECL detection
system (Amersham).
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